Excitation energies for 2l − 3l hole-particle states of Ne-like ions are determined to second order in relativistic many-body perturbation theory (MBPT). Reduced matrix elements, line strengths, and transition rates are calculated for electric-dipole (E1), magnetic-quadrupole (E2), magnetic-dipole (M1), and magnetic-quadrupole (M2) transitions in Ne-like ions with nuclear charges ranging from Z = 11 to 100. The calculations start from a 1s 2 2s 2 2p 6 closedshell Dirac-Fock potential and include second-order Coulomb and BreitCoulomb interactions. First-order many-body perturbation theory (MBPT) is used to obtain intermediate-coupling coefficients and second-order MBPT is used to determine the matrix elements. Contributions from negative-energy states are included in the second-order E1, M1, E2, and M2 matrix elements. The resulting transition energies are compared with experimental values and with results from other recent calculations. Trends of E1, E2, M1, and M2 transition rates as functions of nuclear charge Z are shown graphically for all transitions to the ground state.
I. INTRODUCTION
Excitation energies, line strengths, and transition probabilities for 2s 2 2p 5 3l and 2s2p 6 3l states along the neon isoelectronic sequence have been studied theoretically and experimentally during the past 30-40 years. Z-expansion [1] [2] [3] , model potential (MP) [4] [5] [6] [7] , configuration-interaction (CI) [8] [9] [10] [11] [12] , multi-configuration Hartree-Fock (MCHF) [13] [14] [15] , Rmatrix [16] , multi-configuration Dirac-Fock (MCDF) [17] , and relativistic many-body perturbation theory (MBPT) [18] [19] [20] are among the methods that have been used to calculate these quantities for Ne-like ions.
Nonrelativistic perturbation theory was used in Refs. [1] [2] [3] to calculate energy levels of 2s 2 2p 5 3l and 2s2p 6 3l states in Ne-like ions. In those papers, contributions from the Coulomb and Breit interactions were represented in powers of 1/Z. Accurate transition energies and rates were obtained for ions with nuclear charges Z from 20 to 60 by introducing screening constants and including radiative and higher-order relativistic effects. The technique used in [1] [2] [3] is referred to as the MZ method. Results obtained by the MZ method and two versions of the model potential method [4] [5] [6] [7] were compared in Ref. [21] for the 2l − 3l electric-dipole transition energies in Ne-like ions with Z = 36 − 92. Correlation corrections for Ne-like ions were studied empirically by Quinet et al. in Ref. [17] , where uncorrected MCDF energies were given and differences between the experimental and uncorrected MCDF energies were treated by least-squares fitting. The resulting adjusted energies for 2s 2 2p 5 3l states were given for ions with Z = 28 − 92. A similar idea was used by Hibbert et al. [11] , where accurate adjusted energies for 2s 2 2p 5 3l and 2s2p 6 3l states were presented for ions with Z = 10 − 36. At a more sophisticated level, relativistic MBPT was used to determine energies of four 2s 2 2p 5 3s levels and three 2s 2 2p 5 3d levels for ions with Z = 10 − 92 by Avgoustouglou et al. in Refs. [19, 20] , where second-order MBPT for the Coulomb and Breit correlation corrections was supplemented by all-order hole-core corrections.
Accurate measurements along the Ne isoelectronic sequence have been made using a variety of light sources. Most accurate wavelength measurements come from plasma light sources, both magnetic-fusion plasmas and laser-produced plasmas. Early wavelength measurements for high-Z ions were made by Aglitskii et al. [2] , Boiko et al. [22] , Gordon et al. [23, 24] , Jupén et al. [25] , Gauthier et al. [26] , Beiersdorfer et al. [27] , and Buchet et al. [28] . Some of the work was summarized by Aglitskii et al. [21] in a report on measurements of Kr 26+ -Nd 50+ spectra observed in low-inductance vacuum spark-produced plasmas [21] . Beiersdorfer et al. [29] reported results in Ne-like Xe, La, Nd, and Eu obtained at the Princeton Tokamak. Some years later, Beiersdorfer et al. [30, 31] presented spectra of Ne-like Yb and Th obtained in an electron-beam ion trap (EBIT). Beam-foil spectra of 2l − 3l transitions in highly-stripped gold and bismuth was reported by Chandler et al. [32] and Dietrich et al. [33] . Recently, accurate wavelengths measurements of lasing and nonlasing lines in a laser-produced germanium plasma were reported by Yuan et al. in Ref. [34] . Wavelengths of x-ray transitions in Ne-like I 43+ , Cs 45+ , and Ba 46+ were measured with a flat crystal spectrometer at the Tokyo EBIT by Nakamura et al. in Ref. [35] .
In the present paper, relativistic many-body perturbation theory (MBPT) is used to determine energies of 2s 2 2p 5 3l(J) and 2s2p 6 3l(J) states of Ne-like ions with nuclear charges Z = 11 − 100. Energies are calculated for the 16 even-parity excited states and the 20 odd-parity excited states. The calculations are carried out to second order in perturbation theory. Corrections for the frequency-dependent Breit interaction are included in first order only. Lamb shift corrections to energies are also estimated and included.
Relativistic MBPT is used to determine reduced matrix elements, oscillator strengths, and transition rates for all allowed and forbidden electric-dipole and magnetic-dipole (E1, M1) and electric-quadrupole and magnetic-quadrupole transitions (E2, M2) from 2s 2 2p 5 3l(J) and 2s2p 6 3l(J) excited states into the ground state in Ne-like ions. Retarded E1 and E2 matrix elements are evaluated in both length and velocity forms. The present MBPT calculations start from a nonlocal 1s 2 2s 2 2p 6 Dirac-Fock potential and consequently give gauge-dependent transition matrix elements. Second-order correlation corrections compensate almost exactly for the gauge dependence of the first-order matrix elements, leading to corrected matrix elements that differ by less than 1% in length and velocity forms throughout the Ne isoelectronic sequence.
II. METHOD
Details of the MBPT method were presented in Refs. [36] [37] [38] for calculation of energies and E1 and M1 radiative transition rates in two-particle states and in Ref. [39] for calculation of energies and E1 oscillator strengths of hole-particle states. We apply the formulas given in Ref. [39] for calculation of energies and E1 transition rates and extend those formulas to obtain M1, E2, and M2 transition rates in Ne-like system. In this section, we present firstand second-order contributions for the transition energies and retarded E1, M1, E2, and M2 matrix elements in Ne-like ions. We refer the reader to Refs. [36] [37] [38] [39] for the detailed expressions for the various contributions to these quantities. The calculations are carried out using sets of basis Dirac-Hartree-Fock (DHF) orbitals. The orbitals used in the present calculation are obtained as linear combinations of B-splines. These B-spline basis orbitals are determined using the method described in Ref. [40] . We use 40 B-splines of order 8 for each single-particle angular momentum state and we include all orbitals with orbital angular momentum l ≤ 7 in our basis set.
A. Model space
The model space for 2s 2 2p 5 3l(J) and 2s2p 6 3l(J) states of Ne-like ions is formed from particle-hole states of the type a + v a a |0 , where |0 is the closed-shell 1s ground state. For our study of low-lying 2l −1 3l states of Ne-like ions, values of a are 2s 1/2 , 2p 1/2 , and 2p 3/2 , while values of v are 3s 1/2 , 3p 1/2 , 3p 3/2 , 3d 3/2 , and 3d 5/2 . Combining the n = 2 hole orbitals and the n = 3 particle orbitals in Ne-like ions, we obtain 20 odd-parity states consisting of three J = 0 states, seven J = 1 states, six J = 2 states, three J = 3 states, and one J = 4 state. Additionally, there are 16 even-parity states consisting of three J = 0 states, six J = 1 states, five J = 2 states, and two J = 3 states. The distribution of the 36 states in the model space is summarized in Table I . In this table, we give both jj and LS designations for hole-particle states. Instead of using the 2l 2 , respectively. As a result, total second-order diagonal matrix elements are much larger than the non-diagonal matrix elements, which are shown in Table III .
In Table III , we present results for the zeroth-, first-, and second-order Coulomb contributions, E (0) , E (1) , and E (2) , and the first-and second-order Breit-Coulomb corrections, B
and B (2) . It should be noted that corrections for the frequency-dependent Breit interaction [41] are included in the first order only. The difference between the first-order Breit-Coulomb corrections calculated with and without frequency dependence is less than 1%. As one can see from Table III , the ratio of non-diagonal and diagonal matrix elements is larger for the first-order contributions than for the second-order contributions. Another difference in the first-and second-order contributions is the symmetry properties: the first-order non-diagonal matrix elements are symmetric and the second-order non-diagonal matrix elements are not symmetric. The values of E (2) [a v (J), av(J)] and E (2) [av(J), a v (J)] matrix elements differ in some cases by a factor 2-3 and occasionally have opposite signs.
We now discuss how the final energy levels are obtained from the above contributions. To determine the first-order energies of the states under consideration, we diagonalize the symmetric first-order effective Hamiltonian, including both the Coulomb and Breit interactions. The first-order expansion coefficient C N [av(J)] is the N-th eigenvector of the first-order effective Hamiltonian and E (1) [N] is the corresponding eigenvalue. The resulting eigenvectors are used to determine the second-order Coulomb correction E (2) [N], the second-order Breit-Coulomb correction B (2) [N] and the QED correction E Lamb [N]. In Table IV , we list the following contributions to the energies of 36 excited states in Mo 32+ : the sum of the zeroth and first-order energies
, the second-order Coulomb energy E (2) , the second-order Breit-Coulomb correction B (2) , the QED correction E LAMB , and the sum of the above contributions E tot . The QED correction is approximated as the sum of the one-electron self energy and the first-order vacuumpolarization energy. The self-energy contribution is estimated for s, p 1/2 , and p 3/2 orbitals by interpolating the values obtained by Mohr [42] using Coulomb wavefunctions. For this purpose, an effective nuclear charge Z eff is obtained by finding the value of Z eff required to give a Coulomb orbital with the same average r as the DHF orbital.
When starting calculations from relativistic DHF wavefunctions, it is natural to use jj designations for uncoupled transition and energy matrix elements; however, neither jj nor LS coupling describes the physical states properly, except for the single-configuration state 2p 3/2 3d 5/2 (4) ≡ 2p3d 3 F 4 . Both designations are used in Table IV. C. Z-dependence of eigenvectors and eigenvalues in Ne-like ions
In Figs. 1 and 2 , we show the Z-dependence of the eigenvectors and eigenvalues of the 2lj 3l j (J) states for the example of odd-parity states with J=1. We refer to a set of states of the same parity and the same J as a complex of states. This particular J=1 odd-parity complex includes seven states which are listed in Table I . Using the first-order expansion coefficients C N [av(J)] defined in the previous section, we can present the resulting eigenvectors as
As a result, 49 C N [av(J)] coefficients are needed to describe the seven eigenvalues. These coefficients are often called mixing coefficients. For simplicity, we plot only four of the mixing coefficients for the level N=2p3d 3 D 1 in Fig. 1 . These coefficients are chosen to illustrate the mixing of the states; the remaining mixing coefficients give very small contributions to this level. We observe strong mixing between 2p 1/2 3s 1/2 (1) and 2p 3/2 3d 5/2 (1) states for Z = 54 − 55 which results in the dramatic changes in their values.
Energies, relative to the ground state, of odd-parity states with J=1, divided by (Z −7) 2 , are shown in Fig. 2 . We plot the four energy levels within the odd-parity J=1 complex which are involved in the mixing of states illustrated in Fig. 1 . We use LS designations for small Z and jj designations for large Z in the figure. It should be noted that the LS designations are chosen by comparing our results with available experimental data for low-Z ions. It was already shown in Fig. 1 that the largest mixing coefficient contributing to the 2p3d 3 D 1 level is not the same for Z ≤ 54 and Z ≥55. This change is seen in Fig. 2 We calculate electric-dipole (E1) matrix elements for the transitions between the seven odd-parity 2s 1/2 3p j (1), 2p j 3s 1/2 (1), and 2p j 3d j (1) excited states and the ground state and electric-quadrupole (E2) matrix elements between the five even-parity 2p j 3p j (2) and 2s 1/2 3d j (2) excited states and the ground state for Ne-like ions with nuclear charges Z = 11 − 100. The evaluation of the reduced E1 matrix elements for neon-like ions follows the corresponding calculation for nickel-like ions described in Ref. [39] . The calculation of the reduced E2 matrix elements is carried out using the same MBPT formulas given in Ref. [39] and replacing the one-particle E1 matrix elements by the one-particle E2 matrix elements given in Ref. [43] . The first-and second-order Coulomb corrections and secondorder Breit-Coulomb corrections to reduced E1 and E2 matrix elements will be referred to as Z (1) , Z (2) , and B (2) , respectively, throughout the text. These contributions are calculated in both length and velocity gauges. In this section, we show the importance of the different contributions and discuss the gauge dependence of the E1 and E2 matrix elements.
In Fig. 3 , differences between length and velocity forms are illustrated for the various contributions to uncoupled 0 − 2p 3/2 3d 3/2 (1) matrix element, where 0 is the ground state. In the case of E1 transitions, the first-order matrix element Z (1) is proportional to 1/Z, the second-order Coulomb matrix element Z (2) is proportional to 1/Z 2 , and the secondorder Breit-Coulomb matrix element B (2) is almost independent of Z (see [37] ) for high Z. Therefore, we plot Z (1) ×Z, Z (2) ×Z 2 , and B (2) ×10 4 in Fig. 3 . As one can see from Fig. 3 , all these contributions are positive, except for the second-order matrix elements Z (2) in length form which becomes negative for Z >21.
The difference between length-and velocity-forms for the E2 uncoupled 0 − 2p 3/2 3p 1/2 (2) matrix element is illustrated in Fig. 4 . In the case of E2 transitions, the first-order matrix element Z
(1) is proportional to 1/Z 2 , the second-order Coulomb matrix element Z (2) is proportional to 1/Z 3 , and the second-order Breit-Coulomb matrix element B (2) is proportional to 1/Z for high Z. Taking into account these dependencies, we plot Fig. 4 . The second-order Breit-Coulomb correction to the E2 matrix element B (2) is much smaller in velocity form than in length form, as seen in the figure. The differences between results in length-and velocity-forms shown in Figs. 3 and 4 are compensated by additional second-order terms called "derivative terms" P (derv) ; they are defined by Eq. (2.16) in Ref. [39] . The derivative terms arise because transition amplitudes depend on the energy, and the transition energy changes order-by-order in MBPT calculations.
In Table V , we list values of uncoupled first-and second-order E1 and E2 matrix elements
, together with derivative terms P (derv) , for Ne-like molybdenum, Z=42. We list values for the seven E1 transitions between odd-parity states with J=1 and the ground state and the five E2 transitions between even-parity states with J=2 and the ground state, respectively. Matrix elements in both length (L) and velocity (V ) forms are given. We can see that the first-order matrix elements, Z V , differ by 5-10%; however, the L-V differences between second-order matrix elements are much larger for some transitions. It can be also seen from Table V that for the E1 transitions the derivative term in length form, P
L but the derivative term in velocity form, P
V by three to four orders of magnitude. For the E2 transition, the value of P (derv) in velocity form almost equals Z (1) in velocity form and the P (derv) in length form is larger by factor of two than Z (1) in length form. Values of E1 and E2 coupled reduced matrix elements in length and velocity forms are given in Table VI for the transitions considered in Table V . Although we use an intermediatecoupling scheme, it is nevertheless convenient to label the physical states using the jj scheme. The first two columns in Table VI show L and V values of coupled reduced matrix elements calculated in first order. The L − V difference is about 5-10%. Including the second-order contributions (columns headed MBPT in Table VI ) decreases the L − V difference to 0.002-0.2%. This extremely small L − V difference arises because we start our MBPT calculations using a non-local Dirac-Fock (DF) potential. If we were to replace the DF potential by a local potential, the differences would disappear completely. It should be emphasized that we include the negative energy state (NES) contributions to sums over intermediate states (see Ref. [37] for details). Neglecting the NES contributions leads to small changes in the L-form matrix elements but to substantial changes in some of the V -form matrix elements with a consequent loss of gauge independence.
E. Magnetic-dipole and magnetic-quadrupole matrix elements
We calculate magnetic-dipole (M1) matrix elements for the transitions between the six even-parity 2s 1/2 3s 1/2 (1), 2s 1/2 3d 3/2 (1), and 2p j 3p j (1) excited states and the ground state and magnetic-quadrupole (M2) matrix elements for the transitions between the six oddparity 2s 1/2 3p 3/2 (2), 2p 3/2 3s 1/2 (2), and 2p j 3d j (2) excited states and the ground state for Nelike ions with nuclear charges Z = 11 − 100. We calculate first-and second-order Coulomb, second-order Breit-Coulomb corrections, and second-order derivative term to reduced M1 and M2 matrix elements ) , and P (derv) , respectively, using the method described in Ref. [39] . In this section, we illustrate the importance of the relativistic and frequencydependent contributions to the first-order M1 and M2 matrix elements. We also show the importance of the taking into account the second-order MBPT contributions to M1 and M2 matrix elements and we subsequently discuss the necessity of including the negative-energy contributions to sums over intermediate states.
The differences between first-order M1 uncoupled matrix elements, calculated in nonrelativistic, relativistic frequency-independent, and relativistic frequency-dependent approximations are illustrated for the 0 − 2p 1/2 3p 1/2 (1) matrix element in Fig. 5 . The corresponding matrix elements are labeled Z (1) (NR), Z (1) (R), and Z (1) (RF). Formulas for non-relativistic and relativistic frequency-dependent first-order M1 matrix elements are given in Ref. [38] . We also plot the second-order Coulomb contributions, Z (2) , and the second-order BreitCoulomb contributions, B (2) , in the same figure. As we observe from Fig. 5 , the values of Z (1) (NR) are twice as small as the values of Z (1) (R) and Z (1) (RF). Therefore, relativistic effects are very large for M1 transitions. The frequency-dependent relativistic matrix elements Z (1) (RF) differ from the relativistic frequency-independent matrix elements Z (1) (R) by 5-10%. The differences between other first-order matrix elements calculated with and without frequency dependence are also on the order of a few percent. Uncoupled secondorder M1 matrix elements Z (2) are comparable to first-order matrix elements Z (1) (RF) for small Z but the relative size of the second-order contribution decreases for high Z. This is expected since second-order Coulomb matrix elements Z (2) are proportional to Z for high Z while first-order matrix elements Z (1) (RF) grow as Z 2 . The second-order Breit-Coulomb matrix elements B (2) are proportional to Z 3 and become comparable to Z (2) for very high Z.
In Fig. 6 , we illustrate the Z-dependence of the line strengths of M1 transition from the 2p3p 3 D 1 excited state to the ground state. In this figure, we plot the values of the firstorder line strengths S (1) (NR) , S (1) (R), and S (1) (RF) calculated in the same approximations as the M1 uncoupled matrix elements: nonrelativistic, relativistic frequency-independent, and relativistic frequency-dependent approximations, respectively. The total line strengths S (tot) , which include second-order corrections, are also plotted. Strong mixing inside of the even-parity complex with J=1 between 2p 3/2 3p 1/2 and 2p 3/2 3p 3/2 states occurring for small Z leads to the sharp features in the line strengths seen in the graphs. The deep minimum on Fig. 6 shifts when different approximations are used for the calculation of line strengths. This shift in the placement of the minimum leads to difficulties in comparison of data for M1 transitions obtained in nonrelativistic and relativistic approximations. We discuss this question further in Section III.
Ab initio relativistic calculations require careful treatment of negative-energy states (virtual electron-positron pairs). In second-order matrix elements, such contributions explicitly arise from those terms in the sum over states for which ε i < −mc 2 . The effect of the NES contributions to M1-amplitudes has been studied recently in Ref. [38] . The NES contributions drastically change the second-order Breit-Coulomb matrix elements B (2) . However, the second-order Breit-Coulomb correction contributes only 2-5% to uncoupled M1 matrix elements and, as a result, negative-energy states change the total values of M1 matrix elements by a few percent only.
In Table VII , we list values of uncoupled first-and second-order M2 matrix elements
, together with derivative terms P (derv) , for Ne-like molybdenum, Z=42. We list values for the six M2 transitions between odd-parity states with J=2 and the ground state. We note that the first-order M2 matrix element 0 − 2p 3/2 3p 3/2 (2) vanishes because the corresponding factor (κ a + κ v ), where κ i is a relativistic angular momentum quantum number of a state i, in equation for Z (1) equals zero for this transition. Differences between first-order uncoupled M2 matrix elements calculated with and without frequency dependence are shown in first two columns of Table VII labeled Z (1) (R) and Z (1) (RF). As one can see from Table VII, the difference between Z (1) (R) and Z (1) (RF) is about 1%. The importance of negative-energy states (NES) is illustrated for the second-order BreitCoulomb matrix elements B (2) . In Table VII , we compare the values of B (2) (pos) and B (2) (neg) calculated with positive and negative part of spectra, respectively. The ratio of B (2) (neg) to B (2) (pos) is about 10%. In Table VIII , we present results of line strengths S for M2 lines in Ne-like ions. In this table, the values of S for Z=20-100 in steps of 10 are given. The S-values are obtained in the intermediate-coupling scheme; nevertheless, both LS and jj designations are shown in this table. Among the six transitions presented in Table VIII , there is one transition with zero first-order uncoupled matrix element, 0 − 2p 3/2 3p 3/2 (2). The non-zero S-value of this transition results from the non-vanishing second-order contribution. It can be seen from Table VIII that the S-value of this transition is the smallest of the six for high Z.
III. COMPARISON OF RESULTS WITH OTHER THEORY AND EXPERIMENT

A. Transition energies
In Table IX , we compare our MBPT results for energies with experimental measurements from [21] and with theoretical results from Refs. [19, 20] . We list only comparisons for ions with Z= 42, 48, 54, and 60. A comparison of our results with data from Refs. [19] [20] [21] for all ions from Z=39 to Z=60 is available as supplementary data in Ref. [44] . Our results are seen to be in close agreement with theoretical calculations from Refs. [19, 20] and with experimental measurements from Ref. [21] . In Refs. [19, 20] , all virtual orbitals were generated in the field of the hole state, i.e. in 1s 2 2s 2 2p 5 V (N −1) potential. The choice of such potential is very convenient if only one hole state is being considered, which was the case in Refs. [19, 20] , where only 2p3l(J) states were investigated. The influence of the 2s3l(J) states can be taken into account by summing all-order diagrams. In the present paper, the V (N ) (1s 2 2s 2 2p 6 ) potential, which allows one to treat 2s3l(J) and 2p3l(J) states simultaneously, is chosen. The calculations in Refs. [19, 20] included third-order corrections that are omitted in our work. However, third-order corrections are small for the high Z considered in Table IX and do not significantly affect the results for high-Z ions. It was shown in Refs. [19, 20] The E1, E2, M1, and M2 transition probabilities A for the transitions between the ground state and 2lj3l j (J) states are obtained using the relations
where ∆E is the transition energy in atomic units and S(E1), S(M1), S(E2), and S(M2) are the corresponding line strengths in atomic units. 3 D 1 (Z=58), and 2s3p 3 P 1 (Z=66) transition rates. We also compare our MBPT calculations with E1 transition rates calculated by using superstructure code in Refs. [8, 9, 12] and civ3 code in Ref. [11] . All results agree at the level of 10-20%, except for cases with singularities in the curves of transition rates. In these cases, (for example, the 2p3d 3 P 1 transition rates for Z=42) our MBPT data are in better agreement with data from Ref. [5] than with data from Ref. [12] .
Disagreement between our results and the theoretical calculations presented in Refs. [8, 9, 12] is much larger for M1 transition rates than for E1 transition rates. This difference is explained by large contribution of relativistic effects partly omitted in Refs. [8, 9, 12] but taken into account in our calculations. In the previous section, we compared results for M1 uncoupled matrix elements (see Fig. 5 ) and M1 line strengths (see Fig. 6 ) calculated using nonrelativistic, relativistic and frequency-dependent relativistic first-order matrix elements. The relativistic effects modify uncoupled matrix elements by a factor of two and drastically change the Z-dependence of coupled matrix elements. In the superstructure code [8, 9, 12] , the wavefunctions were determined by diagonalizing the nonrelativistic Hamiltonian using orbitals calculated in a scaled Thomas-Fermi-Dirac-Amaldi (TFDA) potential. These nonrelativistic functions were used to calculate M1 matrix elements. Our MBPT results and results from superstructure given in [8, 9, 12] , differ by 20-30% for 2p3p
3 P 1 transition rates and by a factor of 2-3 for 2p3p 3 S 1 , 3 D 1 1 P 1 transition rates. Much better agreement was found between our results and results obtained in Ref. [5] , where a relativistic approach was used. The differences with nonrelativistic calculations are especially large for the transition rates in the interval of Z around the minima of line strength curves, such as those shown in Fig. 6 . As we discussed in Section II E, the minima occur for different values of Z in nonrelativistic and relativistic approximations. Since the transition rates are calculated using these line strengths, they change rapidly with Z around the minima, leading to large disagreements between our relativistic calculations and the nonrelativistic calculations of Refs. [8, 9, 12] . For example, our result for 2p3p 3 D 1 transition rates in Cu 19+ , where the minimum illustrated in Fig. 8 occurs, differs from the result of the superstructure code given in Ref. [12] by three orders of magnitude. The same minimum is seen in the curve describing the corresponding line strengths in Fig. 6 . The E2 transition rates are less sensitive to relativistic effects than the M1 transition rates. In Fig. 9 Fig. 9 . All six E2 transition rates increase smoothly with Z.
A similar smooth Z-dependence for M2 rates is shown in Fig. 10 . In this figure, the transition rates for the six M2 2p3s 3 P 2 , 2p3d
, and 2s3p 3 P 2 lines are presented. The curve describing the 2p3d 3 P 2 transition rate crosses the five curves describing other M2 transitions rates and becomes the smallest one for Z >54. Such a decrease in the 2p3d 3 P 2 transition rates can be explained by the fact that the jj coupling scheme is more suitable than LS coupling scheme for high Z. The value of uncoupled 0−2p 3/2 3d 3/2 (2) matrix element is non-vanishing only because of the second-order contribution. Mixing inside the odd-parity complex with J=2 becomes less important with the increase of Z. The coupled 0 − 2p3d 3 P 2 matrix element is approximately equal to uncoupled 0 − 2p 3/2 3p 3/2 (2) matrix element. This is a very interesting example of the case where intermediate-coupling converts to pure jj coupling.
Finally, we discuss some small singularities for low Z in Figs. 7-10. These singularities are caused by the second-order uncoupled matrix elements already discussed in the previous section. The 2s 1/2 3s 1/2 (1), 2s 1/2 3p j (J), and 2s 1/2 3d j (J) states are autoionizing for the 2p j -hole threshold in the Z = 11 − 20 range. In this case, the singularity arises from the contribution of the continuous part of spectra in the sum over states for Z (2) (see Ref. [39] ).
IV. CONCLUSION
We have presented a systematic second-order relativistic MBPT study of excitation energies, reduced matrix elements, line strengths, and transition rates for ∆n=1 electric-and magnetic-dipole and quadrupole transitions in Ne-like ions with nuclear charges Z=11-100. Our calculation of the retarded E1, E2, M1, and M2 matrix elements include correlation corrections from both Coulomb and Breit interactions. Contributions from virtual electronpositron pairs were also included in the second-order matrix elements. Both length and velocity forms of the E1 and E2 matrix elements were evaluated and small differences, caused by the non-locality of the starting HF potential, were found between the two forms. Secondorder MBPT transition energies were used to evaluate oscillator strengths and transition rates. Good agreement of our MBPT data with other accurate theoretical results leads us to conclude that the MBPT method provides accurate data for Ne-like ions. Results from the present calculations provide benchmark values for future theoretical and experimental studies of the neon isoelectronic sequence. 
TABLE II. Second-order contributions to the energy matrices (a.u.) for even-and odd-parity states with J=0 in the case of Ne-like molybdenum, Z = 42. One-body and two-body second-order Coulomb and Breit-Coulomb contributions are given in columns labeled E (b) -Breit-Coulomb Correction: 
